The Input/Loss Method allows for complete thermal understanding of a power plant through explicit determinations of fuel and effluent flows, fuel chemistry including ash, fuel heating (calorific) value and thermal efficiency. Fuel and effluent flows are not directly measured. The Method is designed for on-line monitoring, and enables continuous improvement of unit heat rate.
NOMENCLATURE Molar Quantities Related to Stoichiometrics
x = As-fired fuel per 100 moles dry gas product, solution "base" 
INTRODUCTION
The Input/Loss Method is a unique process which allows for complete thermal understanding of a power plant through explicit determinations of fuel and effluent flows, fuel chemistry including ash, fuel heating value and thermal efficiency (Lang, 1994 (Lang, -99, 1998 (Lang, & 1999 . Fuel and effluent flows are not directly measured. The Method is designed for on-line monitoring, and hence continuous improvement of unit heat rate.
For coal-fired power plants, direct fuel metering with the accuracy required for acceptable thermal performance monitoring has always eluded the industry, to say nothing of determining coal heating values in real-time. Given intrinsic inaccuracies, traditional coal flow metering is worthless for thermal performance monitoring. The Input/Loss Method developed by Exergetic Systems employs turbine cycle energy flows, boiler efficiency independent of fuel flow, routine emissions and an indicated Air/Fuel ratio. With this and other information, plant improvement is achieved through application of Fuel Consumption Indices, an established technique which distributes irreversible losses on a system-wide bases leading to incremental heat rate changes (Lang & Horn, 1991) .
This Part III paper discusses the critically important determination of boiler efficiency. Indeed, boiler efficiency, if thermodynamically accurate, will guarantee consistent system mass/energy balances. From such consistencies, fuel flow and effluent flow can then be determined ... with greater accuracy than obtained from direct measurements. In summary, routine plant and effluent measurements coupled with accurate boiler efficiency allow the Input/Loss Method to produce the following information on-line:
Thermal:
As 
POWER TEST CODE BOILER EFFICIENCY
Before discussing details of the recommended boiler efficiency procedures it is useful to examine ASME's Power Test Code (PTC) 4.1, Steam Generating Units. The general procedures followed by PTC 4.1 are found in the new PTC 4, and are also used in PTC 4.4 Heat Recovery Steam Generators and PTC 22 Gas Turbine Power Plants.
Using PTC's Heat-Loss Method (now termed the HeatBalance Method), higher heating value efficiency is defined as: As interpreted by the methods of this paper, the above imply that the AF input energy flow in fuel and "credits" m (HHVP + HBC) less 3Losses, describes the "Useful Energy Flow Delivered" (BBTC) from combustion as a thermodynamic process. This is not a trivial statement, for, as demonstrated below, a countering PTC viewpoint when evaluating these same terms allows arbitrary accounting of system in-and out-flows of energy. As applied, the PTC view RA tacitly assumes HHVP f (T ). PTC 4.1 allows for a user defined (arbitrary) reference temperature affecting only HBC and Loss terms. PTC 4's preferred methods include fixing the reference temperature at 77F for all fuels; ignoring the HBC term altogether, advocating a so-called "fuel" efficiency. Demonstrated in this paper is that evaluation of the HBC term and Losses is integrally connected with combustion as a thermodynamic process. Their evaluation is dependent on the definition of heating value ... indeed whose energy, and thus the energies of all system streams, must be referenced to the calorimetric temperature which defines by reference the fuel's energy (see Notes & Errata, item 1). As a practical matter when analyzing high energy coals, PTC assumptions may have little impact. However, the generalist approach is advocated herein, and believed required with high water fuels and/or unusual combustion situations.
To study the thermodynamic nuances of heating value, the concept of Enthalpies of Products and Reactants is now introduced. This is a key feature of the Input/Loss Method. Such quantities both define heating value and justify the HBC "credit" term as being intrinsically required for any definition of boiler efficiency.
Recall that higher heating value is the amount of energy released given complete combustion; for a solid fuel in a constant volume bomb, where the process occurs about (or is corrected to) the "calorimetric temperature". This process is the difference Ideal between the enthalpy of ideal products (HPR ) less reactants 
0 0
Unburned carbon is described in PTC 4.1 §7.3.2.07, as the flow of refuse carbon times its Heat of Combustion:
0 For our simple example, and assuming unity fuel flow, the so-called boiler "credits" are determined by PTC 4.1 procedures as:
In these equations the various weight fractions, relative to As-Fired i fuel, M ' , have direct translation to 4.1 usage. PTC 4.1 efficiency is then given by the following, after combining the above quantities in Eq.(3C), and re-arranging terms:
Eq.(8) illustrates a few of PTC 4.1 discrepancies, but at the same time suggests the general approach followed by Input/Loss. Of course, one could equate T to T (not suggested by PTC 4.1 nor 4), and solve some of these issues. However, combustion P using high excess air would tax PTC 4.1 assumptions when using C values for "standardized" combustion products. Molecular weights suggested by PTC 4.1 are oxygen-based; they invoke inconsistencies with all published thermodynamic properties since the carbon-base standard was established some 38 years ago. Numerous thermodynamic constants invoked by PTC 4.1 are inaccurate or at least questionable: carbon & hydrogen Heats of Combustion, 2 Btu/kWh conversion, the gas constant, assumed O in ambient air, heat capacities from 1936 & 1954 research, an assumed calorimetric temperature of 77F ( §7.2.6.2), etc. Taken as a whole, these discrepancies aggravate accuracy when considering variations to common combustion. PTC 4.1's Input-Output Method is, of course, not practical for coal-fired units given its reliance on measured fuel flow. Its application to oil-and gas-fired units is flawed if computed efficiencies are not correctly referenced. For example, if oil and gas units are both burning 18,000 Btu/lbm fuel at 52F producing the same delivered energy flow, BBTC, their efficiencies are not comparable (the oil's HHV being referenced to 68F and the gas to Cal 60F). Given different T , HBC for these cases will be different -by definition -thus creating a differences in boiler efficiency and in computed fuel flows.
As suggested by Eq. (8) As an aside, the use of the word "credit" is believed misleading since terms comprising HBC intrinsically correct the fuel's calorimetric energy base to the As-Fired conditions. The HBC quantity is herein termed a "Firing Correction". HBC is not a convenience nor arbitrary; it should not be viewed as another "system energy flow". HBC can not be eliminated (as argued by some), it is required for HHV consistency and thus allows for valid mass/energy balances.
In conclusion, although the basic philosophies of PTC 4.1 and 4 are useful and have been employed by the Input/Loss Method, the specifics are not thermodynamically consistent if applying a strict definition of heating value. PTC methods are applicable to the higher quality fuels. For applicability to all fuels, all firing conditions, and all methods of determining heating value (i.e., Cal evaluated at any T ), the following is advocated: P an ordered approach to boiler efficiency calculations employing the basic measuring of heating value through consistent treatment of energies of products & reactants; P accurate and consistent thermodynamic properties, referenced to the calorimetric temperature; and P a high accuracy thermodynamic approach to determining total effluent flows (never based on direct measurement).
INPUT/LOSS BOILER EFFICIENCY, INTRODUCTION

B
The Input/Loss Method determines boiler efficiency, ç , by dividing its definition into two components, a combustion efficiency and boiler absorption efficiency:
To develop the combustion efficiency term, the Input/Loss Method employs an energy balance uniquely about the flue gas stream (i.e., the combustion process). This balance is based on the 
FOUNDATIONAL PRINCIPLES AND NOMENCLATURE Thermodynamic Properties
For background material, this section discusses the determination of Heats of Formation used for the consistent determination of boiler efficiency. Thermodynamically, the most common assumption is that Heats of Formation at absolute zero,
ÄH , are an additive function of the various atomic groups 0 comprising the substance (Reid & Sherwood, 1965) . However, by international convention, standardized Heats of Formation are referenced to 77.0F (25C) and 1.00 bar pressure. For typical fossil combustion, pressure corrections are justifiably ignored. Thus to convert to any temperature from 77F, assuming an additive principle (Danner & Daubert, 1983) : (Cox, Wagman, & Medvedev, 1985) ; it is the recommended basis for any study of fossil combustion. Enthalpy integrals used in Eq.(18) and elsewhere herein are obtained from the work of Passert & Danner (1974) ; also used as API standards. A difficulty could arise if using ASHRAE air psychrometric properties. ASHRAE has chosen 0.0F as the thermodynamic dead state for dry air enthalpy, but concurrently for water its traditional triple point (32.018F). All fluid components in the system (e.g., combustion gases, water in the combustion effluent, moist combustion air, gaseous constituents of air) must use a consistent dead state for thermodynamic property evaluations. The Input/Loss Method employs an uniform dead state for all properties at 32.018F and 0.08872 psiA (e.g., the defined zero enthalpy for dry air, gaseous 2 CO , saturated liquid water, etc. (25C) . For oil fuels, following ASTM D240, the reference is 68F (20C). ASME PTC 4.1 assumes 68F; PTC 4 assumes 77F ignoring gaseous fuel standards. This is not to suggest that codified standards for coal are used by labs regards standard reference temperatures -they are not. Further, typically the Cal ASTM standards do not specify how T is to be achieved. In practice the author has found various labs using: 27C (80.6F), 28.5C (83.3F), 30C (86.F) or 35C (95F); noting that modern bomb Cal calorimeters can run at an adjustable T . The author has yet to find any lab determining coal HHV at 68F or 77F. However, knowing the calorimetric temperature (whatever it is), all system energy terms Cal affecting boiler efficiency can then be consistently computed -T simply needs to be reported.
Combustion Equation
The following combustion equation is presented here for assistance in understanding nomenclature used in the following section which details procedures. Refer to prior works for additional clarity. The nomenclature used is unique in that brackets are 
Note that Eq.(19) contains terms which allow consistent study of any combination of effluent data, especially the principle "actual" Act Act Act Act effluent measurements d , g , j and the system terms â, ö & Act R . As has been discussed in Parts I & II, these terms are considered of critical importance when describing fossil-fired systems -they allow data on either side of the air pre-heater to be employed, in any mix, with total consistency. This allows the stoichiometric base of Eq.(19), of 100 moles of dry gas, to be conserved at either side of the air pre-heater: dry stack gas = 100 moles, and dry boiler gas = 100 moles. Several computational 2 options are provided for: 1) input of excess air; 2) input of O and 2 2 minor pollutants; or 3) input of CO , O and minor pollutants.
INPUT/LOSS BOILER EFF., DETAILED PROCEDURES
A Absorption efficiency, ç , is based on the Non-Chemistry & Sensible Heat Loss term, HNSL, whose evaluation employs several PTC 4.1 procedures. HNSL is defined by the following: 
The steam/air heater energy flow term, Q , is assigned to HBC provided the system encompasses this heater, thus allowing BBTC to be defined in the classical manner (i.e., throttle less feedwater, hot less cold reheat); best seen equating Eqs. 
ID
The ID fan energy flow term, W , where thermal energy is imparted to gas outflow streams (e.g., ID or recirculation fans), the Act ID HPR term must be corrected with a -W through HNSL of Eq. (12) such that the fuel's energy is again properly conserved. The coal pulverizer shaft power is not accounted as no thermal energy is added to the fuel. Crushing coal increases its surface energy. For a .brittle material, no appreciable changes in internal energy occur. The increased surface energy and any slight changes in internal energy are well accounted for through the process of 
HHV HSL HHVP + HBC Boiler efficiency is defined as either HHV-or LHV-based. Note that its definition, given both Firing Correction and HNSL definitions, conserves the thermodynamic meaning of heating value. Thus fuel flow must compute identically from either efficiency base. 
B-HHV C-HHV
A ç = ç ç (28) B-LHV C-LHV A ç = ç ç(29)
Act
Enthalpy of Products (HPR )
For higher heating value calculations:
For lower heating value calculations:
where:
i HPR = Enthalpy of non-water product i at the stack. 
Enthalpy of Firing Corrections (HBC)
HEATING VALUE CONVERSIONS Several industrial standards and "coal" textbooks employ simplifying assumptions regarding HHV conversions. For example, a constant is sometimes used to convert from a constant volume process HHV (i.e., bomb calorimeter), to a constant pressure process HHVP (i.e., the As-Fired). Fuel oxygen is sometimes ignored. Some labs convert HHV to HHVP using a constant value, and contrary to ASTM D5865 which requires reporting the "gross calorific value at constant volume". Refer to: PTC 4.1, §9.6 (PTC 4, §5.8, assumes 4.1 procedures); ASTM D5865, §13 & 14 as referencing Research Report D05-1013; and ISO 1928:1995 To convert solid and liquid fuel heating values from a constant volume to a constant pressure process use:
L/H fg-Cal/H2O 0 2 5 9 H2O AF
Cal-Abs where T is the absolute temperature, and molar quantities are employed (see Eq.(19) for nomenclature).
For gaseous fuels, the only correction needed is the compressibility factor Z assuming ideally computed heating values: ] by Z to convert the energy flow to the ideal for traditional billing purposes. Typically Z will vary from 0.998 to 0.990 for natural gases.
To convert from a higher (gross) to a lower (net) heating value, the following are exact and consistent with Eqs. (37) 
RESULTS
The following presents numerical results, including comparing the Input/Loss Method to PTC 4.1. However, considered the most important result of this work is the development of its approach to Act Act boiler efficiency, using the HPR , HRX and HBC terms.
Confirmations and Sensitivities
The Input/Loss Method employs, in part, Exergetic Systems' EX-FOSS program for steam generator analysis (Lang, 2000) . Using EX-FOSS, numerous sensitivity analyses were completed demonstrating differential effects, and several for calculational sanity.
To illustrate the effects of mis-using calorimetric temperature Table 1 presents Table 1 , errors in ç and unit heat rate will be assured. Table 3 lists computational overchecks of higher and lower heating value calculations, verifying that the computed fuel flow rates of Eq.(30), are numerically identical. These simulations were selected from Input/Loss' installed base as having unusual complexity, based on actual plant conditions. The only changes in these simulations was input of HHV or LHV, and an EX-FOSS option flag; LHV or HHV are automatically computed by EX-FOSS given input of the other. The repeatability accuracy of modern calorimetric instruments is between ±0.07% to ±0.10%. They typically use benzoic acid powder for calibration testing. Such calibration tests and routine runs are typically analyzed using the well-known Washburn corrections (Hubbard, Scott and Waddington, 1954) . Based on these procedures, NIST Standard Reference Material 39j certification for benzoic acid for a number of coals, using average chemistries for different coal Ranks, and with methane. For example, a correction of 122x10 -6 implies a 0.122% change in HHV over 10ÄC. As observed below in Table 4 , heating values with increasing fuel moisture are generally increasingly sensitive to calorimetric temperature, especially for gaseous fuels and poor quality lignites. Effects on HHVs associated with the higher energy coals is not great. However, as seen in Table   Ideal 4, the sensitivity of temperature on HPR is appreciable; computed using EX-FOSS. This sensitivity demonstrates the fundamental cause for effects observed in Tables 1 and 2 . See Note & Errata item 11. The Input/Loss Method has been formulated to cause an insensitivity in computed fuel flow when varying an arbitrary RA reference temperature, T , at least over a reasonable range. Table   RA 5 demonstrates this for several coal Ranks, assuming T changed from 68F to 77F, and from 68F to 95F. Such effects on fuel flow are additive to those associated with boiler efficiency when considering net effects on unit heat rate. Table 6 only include: L , L â and L ).
As seen in Table 6 , results indicate reasonable consistency, the B-HHV greatest differences do not exceed 0.07% Äç (typically 0.01%) for the high quality coal assumed -provided PTC 4.1's reference air air temperature, boiler efficiency could be in error by .1% Äç . Given this, the argument for using PTC 4.1 even for relative comparisons should be the subject of review, based on the fuel's characteristics and accuracy required. Use of a FD Fan will always improve boiler efficiency. Use of an ID Fan or a gaseous recirculation fan will always degrade boiler efficiency. at T should be applied. Although benzoic acid's Heat of Combustion is not sensitive to temperature, the poorer quality coals can be sensitive (at ±0.3% and higher) given high fuel and/or product water. Higher Rank coals having low water contents have sensitivities less than that of benzoic acid. Further, no correction for constant pressure should be made or reported for a determined HHV; ASTM D5865 procedures require HHV to be reported at constant volume, the as-tested.
CONCLUSIONS
Determination of Heating Values
It is suggested that the National Institute of Standards and Technology (NIST) determine high accuracy temperature effects on Heats of Combustion of coal, at least for the lower Ranks, including a standardized lignite B. Such studies would inform labs as to sensitivities, establish guidelines and enhance awareness for accurate work. Also, NIST should consider a substitute for benzoic acid having greater temperature sensitivity (again, perhaps some hydrocarbon fuel with standardized amounts of water emulating several Ranks).
Calorimeter preparation of coals should reasonably emulate the As-Fired particle size. ASTM D2013 calls for reducing to #60 US Standard sieve (250 ìm). However, coal pulverizers may grind to a #50 (297 ìm) mesh, #100 (149 ìm) or #200 (74 ìm). Also, heating of coal samples before testing must consider effects on vaporization of volatiles.
SUMMARY
This work demonstrates an improved approach to the determination of boiler efficiency; when thermodynamically accurate, consistent system mass/energy balances are then guaranteed. From such consistencies, fuel flow and effluent flow are determined with greater accuracy than obtained from direct measurements.
NOTES and ERRATA
The following both explains and corrects several items associated with this and previously published works (both Input/Loss and industrial methods): 1a) An August 20, 2000 revision to the original paper corrected an error in computing the HHV temperature sensitivities for High Volatile-A Bituminous (hvAb) and Sub-Bituminous C (subC) coals. To throughly study such sensitivities 3) In ASTM procedures, the bomb calorimeter's temperature rise is multiplied by the weight of heated water, having an assumed heat capacity of 1.000 Cal/gm-C. There is no requirement to conduct the burn at 20C (68F), but rather to be "within 2 to 3 ÄC of the temperature of the room" (thus the assumption that 6) The use of the term "boiler absorption efficiency" of Eq. (11) and elsewhere has been pointed out as inconsistent with vendor use (i.e., the rate of boiler heat absorption). The term developed 7) It can be argue that a boiler efficiency obtained in any manner (gross, net, "fuel" or guess) could be used to obtain fuel flow B provided ç is multiplied by an appropriately "adjusted" heating value term. However, the objective of this work -in counterpoint to ASME PTCs -is to assure consistency between fuel flow, boiler efficiency, unit heat rate and effluent flow.
Act Act This is accomplished through HPR , HRX and HBC. As an example of such consistency, combinations of Eqs. (10), (16) and the stoichiometric terms afforded from Eq.(19) results in the following expression for wet effluent mass flow,
